Abstract. Core-collapse supernovae are the first polluters of heavy elements in the galactic history. As such, it is important to study the nuclear compositions of their ejecta, and understand their dependence on the progenitor structure (e.g., mass, compactness, metallicity). Here, we present a detailed nucleosynthesis study based on two long-term, two-dimensional core-collapse supernova simulations of a 11.2 M and a 17.0 M star. We find that in both models nuclei well beyond the iron group (up to Z ≈ 44) can be produced, and discuss in detail also the nucleosynthesis of the p-nuclei 92,94 Mo and 96,98 Ru. While we observe the production of 92 Mo and 94 Mo in slightly neutron-rich conditions in both simulations, 96,98 Ru can only be produced efficiently via the νp-process. Furthermore, the production of Ru in the νp-process heavily depends on the presence of very proton-rich material in the ejecta. This disentanglement of production mechanisms has interesting consequences when comparing to the abundance ratios between these isotopes in the solar system and in presolar grains.
Introduction
Core-collapse supernovae (CCSNe) mark the end of the lives of massive stars (M > 8 M ), and the nuclear compositions of their ejecta can be constrained by direct and indirect observations. For instance, CCSNe appear earlier in the galactic history than the other main contributors to explosive nucleosynthesis (i.e., Type Ia SNe and neutron star mergers), which means that atmospheres of extremely metalpoor (EMP) stars carry the signatures of only one or a few CCSNe and therefore give us valuable insights about the typical compositions of their ejecta. The most metalpoor star currently known is SMSS0313-6708 [1] , with an upper limit to its metallicity around [Fe/H] = −7, and it is thought that its composition is the result of the ejecta of a single supernova mixing with the interstellar medium [1, 2, 3, 4] . In addition, light curves of CCSNe are powered by the radioactive decay of copiously produced unstable isotopes, such as 56 Ni, 57 Ni, and 44 Ti, which means that the yields for these isotopes can be well constrained. In particular, from SN 1987A reliable numbers are available for the ejected masses of 56, 57 Ni and 44 Ti. Seitenzahl et al [5] give values for SN 1987A of M( 56 Ni have also been determined in other CCSN light curves (see, e.g., [6] ), while the amount of ejected 44 Ti in SN 1987A is still uncertain and can vary by a factor of a few if an asymmetric explosion is considered (e.g., [7] ).
The most abundant nuclei in compositions of CCSN ejecta are α-elements, followed by iron group nuclei, which are produced as a result of explosive burning of the lighter α-elements (He, C, O, Mg, Si), but other nucleosynthesis processes are possible. Behind the supernova shock wave a baryonic wind, driven by neutrino absorptions, ejects additional matter. This neutrino-driven wind has long been considered a good candidate for the r-process, but detailed studies have shown that the required conditions cannot be met [8, 9, 10] , although slightly neutron-rich conditions could be achieved [11, 12, 13] . In these conditions (0.4 Y e 0.5, depending also on the entropy) a weak r-process could operate [14] , characterized by lower neutron densities than the main r-process, while electron fractions above 0.5 yield favourable conditions for the νp-process [15, 16, 17] . In both cases, however, nuclear species beyond the iron group elements can be synthesized, adding a specific nucleosynthesis signature to the nuclear composition of the supernova ejecta. One of the remaining puzzles in this context is the cosmic origin of the solar 92, 94 Mo and 96,98 Ru abundances, which have historically been attributed to the p-process [18] . The sensitivities of the isotopic abundance ratios to parameters of the neutrinodriven wind and nuclear reaction rates have been explored in Arcones & Bliss [14] and Bliss et al [19] , while Travaglio et al [20] showed that they can also be produced by the γ-process in type Ia SNe. However, all attempts to reproduce the solar isotopic abundance ratios between 92 Mo and 94 Mo have failed so far [21] . Before the νp-process was known, Hoffman et al [22] reported on the synthesis of 92 Mo in slightly neutron-rich conditions (Y e ≈ 0.485) in the neutrino-driven wind. The detection of these Mo and Ru isotopes in presolar grains of type SiC X, which are thought to carry the isotopic signature of CCSNe, suggests that they at least co-originate from CCSNe.
Large studies of CCSNe comprising many different progenitor masses do not only serve the purpose of investigating the explosion characteristics of the different progenitors, but also help understand the explosive nucleosynthesis of α-elements beyond Si and their distribution in the galaxy through space and time. Ideally, these studies would be performed with three-dimensional CCSN simulations including full neutrino transport and general relativity, since the true explosion properties of CCSNe depend on three-dimensional, large-scale effects that play a role in and before the explosion, such as rotation, convection, or the standing accretion shock instability (e.g., [23, 24, 25, 26] and references therein). In one-or two-dimensional simulations, these effects can only be treated approximately. However, due to the extremely high computational cost of realistic 3D simulations, explodability and/or nucleosynthesis studies of many progenitor masses in three-dimensional CCSN simulations are not affordable at this point.
Therefore, past CCSN nucleosynthesis research had to rely on spherically symmetric models, using artificial energy deposition to trigger CCSN explosions, such as the piston or thermal bomb methods (e.g., [27, 28, 29, 30, 31, 32] ). Recently, it has become feasible to perform CCSN simulations for the full progenitor mass range in spherical symmetry and using models that go beyond these traditional methods, albeit still relying on artificial energy deposition by neutrinos. Perego et al [33] have introduced a method called PUSH where the energy reservoir of the heavy-flavour neutrinos (ν µ , ν µ , ν τ , and ν τ ) is tapped in regions heated by the electron neutrinos. The advantage of this approach is that it contains a detailed neutrino transport and that it does not directly affect the electron fraction Y e , thus making it a suitable tool for nucleosynthesis studies. PUSH relies on a small number of free parameters which have been calibrated on the observables of SN 1987A. Another approach was presented in [34, 35] , where the PNS in the centre of the SN was excised and the explosion was prescribed by a parametrized neutrino luminosity at the inner boundary of the computational domain. The parameters of this method (such as core-neutrino emission) were also calibrated on observables of SN 1987A as well as the Crab SN.
Larger samples of axisymmetric CCSN simulations are also becoming available [36, 37, 38, 39, 40, 41, 42] , with the most complete set so far reported by Nakamura et al [43] (101 progenitors of solar metallicity, 247 ultra metal-poor and 30 zerometal progenitors), using the Newtonian code ZEUS-MP [44, 45] together with the isotropic diffusion source approximation (IDSA [46] ) scheme for electron and antielectron neutrino transport, and complemented by a leakage scheme for the heavyflavour neutrinos.
In this work, we perform detailed full-network nucleosynthesis calculations for two long-term CCSN simulations presented in [43] , using a 11.2 M and a 17.0 M progenitor with solar metallicities from the Woosley et al [47] series. We find unusually low Ni masses for both models, which can be attributed to the axisymmetric nature of the simulations and to late-time accretion. With the low Ni yields, our CCSNe would classify as faint SNe (e.g., [48, 49, 50, 51, 52, 53] ). Furthermore we find large yields of elements beyond the iron group up to the relatively neutron-deficient stable isotopes of Mo and Ru. For other recent results of nucleosynthesis yields in two-dimensional CCSNe see also [54] . The uncertainties that arise with the commonly used post-processing approach have been discussed in detail by Harris et al [55] on the example of four 2D CCSN models, while the impact of the dimensionality of an electron-capture SN simulation on the nuclear yields has been explored by Wanajo et al [13] .
This paper is structured as follows: section 2 describes the model used for the simulations and the nucleosynthesis procedure, the results are presented in section 3 and discussed in section 4, and section 5 summarizes our findings.
Method
We will describe the two models that we used for the nucleosynthesis calculations in section 2.1. Our considerations about a suitable ejection criterion are presented in section 2.2 and in appendix Appendix A, and the setup of the nuclear network is the subject of section 2.3.
Simulations
Our CCSN models are based on long-term simulations of axisymmetric neutrino-driven explosions. The progenitor stars are non-rotating, solar metallicity models from [47] with zero-age main sequence masses of 11.2 and 17.0 M . These progenitor models retain their hydrogen envelope and are classified as red supergiant stars. They are therefore expected to explode as Type II supernovae.
The numerical code we employ for the core-collapse simulations is essentially the same as described in [43] , except for some minor revisions. The spatial domain covers 100,000 km from the center with a resolution of n r × n θ = 1008 × 128 zones. In order to evolve the electron fraction, we solve the spectral transport of electron and antielectron neutrinos, using the isotropic diffusion source approximation (IDSA [46] ). All base-line weak interactions (such as charged current reactions), neutral current reactions including iso-energetic neutrino scattering on nuclei and nucleon, are included with the rates taken from Ref. [56] . Regarding heavy-lepton neutrinos, we employ a leakage scheme (see [36] ). In the high-density regime, we use the equation of state (EOS) of Lattimer & Swesty [57] with a nuclear incompressibility of K = 220 MeV. At low densities, we employ an EOS accounting for photons, electrons, positrons, and the ideal gas contribution of silicon. During our long-term CCSN simulation, we follow explosive nucleosynthesis by solving a simple nuclear network consisting of 13 alpha-nuclei to take into account the energy feedback into the hydrodynamic evolution. The details of the α-network are discussed in Ref. [58] .
Both of our CCSN models successfully revive their shock. The axis-symmetric nature of the simulations causes a preference of the outflow towards the polar directions (see figures 1 and 2). This behaviour is usually not observed in 3D simulations of regular CCSNe, since they do not have an imposed symmetry. Explosion times and energies are also systematically different, as is shown e.g., in Refs [23, 24, 36, 59, 60] . When the shock reaches the outer boundary of the computational domain, these models have diagnostic explosion energies of 1.9 × 10 50 and 1.2 × 10 51 ergs. From the simulation we extract 129'024 tracer particles for our post-processing approach. Their initial distribution is determined by the n r × n θ = 1008 × 128 zones, equidistant in the angular direction with an angular spacing of 1.41 degrees, and logarithmic in the radial direction with an outer radius of 100,000 km. Due to the density profile of the progenitor, this means that the tracer particles represent different masses depending on their initial distance to the center. The computed domain includes 1.9 M (4.1 M ) of the 11.2 M (17.0 M ) progenitor, corresponding to a region up to the bottom of the helium layer.
Ejected Matter
In a first step, it is important to know which particles are successfully ejected, i.e., become gravitationally unbound in the course of a SN. One key quantity for this discussion is the specific total energy (without rest masses) at the end of the simulation, which is defined as the sum of (specific) thermal energy, kinetic energy, and gravitational potential φ:
Our simulations stop when the outgoing shock reaches the boundary of the computational domain. The simulations have been performed up to 7.76 s for the 11.2 M progenitor and 6.77 s for the 17.0 M progenitor. At this point, the shock proceeds outwards in the polar directions (only in the positive z-direction for the 11.2 M model), while material around the equator is temporarily accelerated outwards by a weak shock front, but eventually stops and falls back towards the PNS. We consider the tracer particles within an angle of 30 degrees around the north pole (11.2) or both poles (17.0) to be ejected. Figures 1 & 2 show that at the end of the simulation, almost all the particles that reach a temperature above 1 GK are within that area and there are no tracers with temperatures above 2 GK anymore. Thus, the vast majority of the ejected particles with a high peak temperature are ejected along the polar directions. In order to account for the shock propagation after the end of the simulation, we add all tracers outside of the computational domain for the simulation, but within the same angle of 30 degrees around the north pole (11.2) or both poles (17.0), respectively. In the following, we refer to these criteria as θ 30+ (11.2 M ) and θ 30 (17.0 M ). Different prescriptions for the ejected matter also alter the nuclear yields of the ejecta. However, we found that for the heavier nuclear species that are produced by explosive nucleosynthesis the changes in yields are negligible, even considering an upper and lower limit in ejected mass. A detailed discussion on the ejecta criterion can be found in Appendix A.
Unless stated otherwise, the nucleosynthesis yields are calculated using the θ 30 criterion for the 17.0 M progenitor, and the θ 30+ criterion for the 11.2 M model. We account for the fact that the shock will move through the outer layers of the star (which are not included in the computational domain), unbinding material from the helium and hydrogen shells in the process. However, as it has lost a lot of its energy, it does not heat up the material to the temperatures required for explosive nucleosynthesis with substantial He-destruction. Explosive He-burning had been assumed in the past to permit an r-process, based on highly active (α, n) reactions, when the shock wave of explosive burning is passing these layers. However, the substantial amounts of 13 C required for such an outcome, have never materialized in realistic models of massive stars [61] . Therefore, we add a quarter of the progenitor material (a half of the progenitor in the case of the 17.0 M simulation) starting from an enclosed mass coordinate of 1.92 M (4.07 M ) (corresponding to the outer boundary of the computational domain in the simulation) to the ejecta. The factor 1/4 (1/2) is derived from the opening angle(s) of 120
• , within which material is considered successfully ejected. Transferred into a 3D model, this would encompass one (two) solid angle(s) of π sr, which corresponds to a quarter (a half) of the volume of the star. This procedure adds about 2.22 M (4.89 M ) of progenitor material which mainly consists of helium and hydrogen. Since this material is at a large distance from the PNS, it only reaches very low peak temperatures and is not directly affected by neutrinos, with neither the 3α process nor α-captures on preexisting seed nuclei efficient enough to significantly alter the composition. We therefore assume that these outer ejecta carry the unaltered progenitor composition.
Post-processing procedure
We perform our nucleosynthesis calculations with the full nuclear network Winnet [62] in a post-processing approach. We include 2713 isotopes up to proton number Z = 60 (Nd), covering the neutron-deficient as well as the neutron-rich side of the valley of β-stability. In precedent tests using the full elemental range (up to Z = 110) we have found no r-process in any of our trajectories. The reaction rates are based on experimentally known rates where available and predictions otherwise. The n-, p-, and alpha-captures are taken from Rauscher & Thielemann [63] , who used known nuclear masses where available and the Finite Range Droplet Model [64] for unstable nuclei far from stability. The β-decay rates are from the nuclear database NuDat2 1, while electron-neutrino and electron-antineutrino absorptions on nucleons are taken into account, using the rates of Fröhlich et al [15] . The neutrino luminosities and average energies are provided by the simulation. For a given tracer particle at radius r, the neutrino fluxes can be calculated via
where L νe/νe are the neutrino number luminosities. Note that the quantities used here are averaged over all angular directions and that the local luminosities in the polar directions, where the outflow occurs, can differ from the angle-averaged values (see Appendix C). For ejected particles that reach a peak temperature T peak 9
> 8, we start the post-processing at the point where the temperature drops below 8 GK for the last 1http://www.nndc.bnl.gov/nudat2/ time, (as it is possible that the tracer particles experience several heating periods). For these particles we assume an initial composition determined by nuclear statistical equilibrium (NSE) with Y e values from the simulation. For all other particles, we follow the full hydrodynamical trajectory and we correlate the initial abundances for each particle (i.e., at core bounce) with the nuclear composition in the progenitor data for the corresponding radius:
where Y (A, Z) i and Y (A, Z) prog denote the (initial) abundances of nuclear species (A, Z) in the tracer particle i and the progenitor, respectively, and r i denotes the initial radius of the tracer particle. The initial composition is particularly important for tracer particles that do not reach high temperatures.
The hydrodynamical simulation provides data up to a simulation time of about t = 7 s. In order to make sure that we do not miss any nucleosynthesis processes taking place after that time, we extrapolate for each tracer to the point where the temperature drops below 0.01 GK, assuming an adiabatic expansion with constant velocity. The temperature is calculated at each timestep using the equation of state of Timmes & Swesty [65] .
As the final composition of the tracer particles is heavily dependent on their peak temperatures during the simulation (see e.g., [28] ), we divide them into 20 bins according to their peak temperature in the simulation. Using this method, we can make bin-by-bin nucleosynthesis comparisons across different CCSN simulations (see section 3.2). Table  1 lists the temperature bins, the number of tracer particles, and the summed-up tracer masses in each temperature bin for both models (N X gives the number of tracer particles in the case of the progenitor with a mass of X M ), where the ejection criteria discussed in section 2.2 have been applied.
Since the tracer particles in the low-temperature bins are very homogeneous and not many charged-particle reactions are expected at these temperatures, we do not postprocess all the tracers in the bins with T 9 < 2.8 in order to save CPU time. Instead we perform nucleosynthesis calculations for 200 randomly selected particles and then calculate the isotopic yields by extrapolating to all tracers in each respective bin taking into account the (individual) mass each tracer particle represents. We do this for each bin up to T = 2.8 by first calculating an average mass fraction for each isotopic species, weighted by the tracer masses, and then multiplying with the total bin mass M bin , obtained by summing up the masses of all the tracers in the bin:
Here, X i (A, Z) is the mass fraction of nucleus (A, Z) and M i is the mass corresponding to tracer particle i. The sums go over all post-processed tracer particles, while M bin is the sum over all particle masses in the bin. For the higher-temperature [66] .
O, Ne, Mg (which originate from hydrostatic burning and essentially are ejected in an unaltered way) are a dominant fraction of the ejecta and increase with stellar mass. On the other hand, α-elements beyond Si are products of explosive burning and thus dependent on the strength of the explosion, i.e. the explosion energy. On average, integrated over initial stellar mass, all α-elements (from O to Ti), are overproduced in CCSNe in comparison to Fe with [X/Fe] between 0.3 and 0.5. [67] . Only with the occurrence of supernovae type Ia which very efficiently produce iron do the [X/Fe] values of these α-elements approach 0 in younger stars (e.g., [68] ; our sun has [X/Fe] = 0 for all elements, by definition). The high abundances of neutron-deficient isotopes for Z > 32 (Ge and beyond) point towards the presence of a νp-process in our simulations. The νp-process is a mechanism of the rapid proton capture process that allows to bypass the 64 Ge waiting point by means of antineutrino captures on free protons, converting them to neutrons which can be captured by 64 Ge and other neutron-deficient isotopes in a (n, p) reaction [15, 16, 17] . In fact we do observe this behaviour in the most proton-rich particles in the 11.2 M model, but we find that the majority of the heaviest isotopes is produced in neutron-rich conditions at high temperatures. A detailed discussion of these results is included in The full compositions of the ejecta for both simulations, integrated over all ejected tracer particles, are also presented in tabular form in Appendix B. Only nuclei with an ejected mass of at least 10 −15 M are included. In our approach we run each calculation until the temperature drops below 0.01 GK, which means that the calculations for the individual tracer particles do not end exactly at the same time. Therefore, the yields in the tables do not correspond to one specific snapshot in time, which has a significance for unstable isotopes with half-lives of an order T 1/2 = 1000 s and shorter. The 56 Ni yields of 3.03×10 −3 M (1.30×10 −2 M ) are very low for CCSNe in this mass range (see e.g., [28] ). Figure A1 in Appendix A demonstrates that it is produced in considerably larger amounts (an upper limit criterion based purely on the density evaluated at 5 s indicates 6.57 × 10 −2 M of ejected 56 Ni for the 17.0 M model), but the majority of it is accreted onto the PNS in the later stages of the simulation. Wanajo et al [54] also find a very low 56 Ni ejecta mass for all their 2D CCSN models, which they relate to the two-dimensionality of the models and the missing late-time ejecta that are not followed in their case. He and the α-nuclei 32 S, 36 Ar, and 40 Ca. The temperature bins between 3.2 < T 9 < 6.2 (middle panel) mark a transition regime, in which the abundance distribution is shifted to heavier isotopes with increasing peak temperature. However, no nuclei beyond A = 66 are produced in large numbers. The right panel shows the three bins with the highest peak temperature. Compositions of tracer particles in these bins are determined by nuclear statistical equilibrium, as is evident from the identical compositions in the 6.2 < T 9 < 7.0 and the 7.0 < T 9 < 8.0 bins. The differing composition of the T 9 ≥ 8.0 originates from the wide range of Y e values encountered in the hottest tracers (see section 3.3), whereas the other two bins only contain Y e ≈ 0.5 ejecta.
Correlation between peak temperature and nuclear composition
In a next step, we compare the individual bin abundance patterns across our two supernova models (see figure 5 ). The differences in α-nuclei in the low-temperature bins (left panel) can be explained by the different initial compositions which are inherited from the progenitor for these tracer particles (see Sec. 2.3). The abundance patterns for all bins of intermediate temperatures agrees remarkably well (middle panel), but there is a discrepancy for the highest-temperature bin which is due to the heterogenic nature of these tracer particles and the varying contribution of the νp-process (see also figure 3 ). Although the predictive power of our analysis is restricted to two models, we can identify a trend: for tracer particles with a peak temperature between 2.4 GK and 8.0 GK the nuclear composition can be predicted for different progenitors with good precision. At lower peak temperatures the composition is determined by the initial conditions (i.e., the progenitor abundances), while the tracer particles with peak temperatures above 8 GK usually pass close to the proto-neutron star at some point of their trajectory and therefore encompass a wide range of Y e values which has a direct impact on the nuclear reaction flow. In the following sections we further discuss and examine the nucleosynthesis in the highest-temperature bin. 
Highest temperature bin: subdivision in Y e bins
The properties of the tracer particles in the highest temperature bin are extremely heterogenic and highly dependent on the shock evolution in the supernova simulation. Therefore, we cannot expect a robust abundance pattern for this bin across different explosion models. Instead, we make a secondary distinction by dividing (only) these particles into different bins according to their initial Y e value (i.e., the Y e value at the time where the temperature drops below T 9 = 8, in the following labelled as t 8 ). Figure 6 correlates t 8 , Y e (t = t 8 ), and the position at t 8 , r (t = t 8 ) in the simulation for both the 11.2 M (left) and the 17.0 M (right) progenitors. For model 11.2, it can be clearly seen that the particles with proton-rich conditions at t 8 reach T 9 = 8 in a limited time interval 500 ms < t < 2500 ms, while all other tracers have a Y e (t = t 8 ) close to 0.5. In some tracers Y e can attain very high values up to 0.9 (see section 4.1 for further discussion). For 17.0, the distribution is more homogenic, with only few particles having a Y e (T 9 = 8) value below 0.45 or above 0.6. A handful of particles that we count as ejected are hotter than 8 GK at the end of the simulations. They are visible in the top panels as the few particles with a Y e << 0.5 at t = 7760 (7000) ms, the time where the simulations stop. The special case of these tracers will be discussed below. The rough correlation between the masses of the individual particles and t 8 also provides a hint about the origin of the tracer particles: The particles that come from further outward (representing smaller masses) drop below 8 GK early, at Y e values generally around 0.5 (or slightly below in the 11.2 M model).
One can also study the relationship of t 8 and r (t = t 8 ) (bottom panels in figure 6 ). This graph shows that apart from the ones with a small t 8 , all particles drop below 8 GK roughly at the same distance to the PNS. This argues for a small change with time in the temperature profiles of the 2D simulations after 0.5 s. The particles that do not fall below 8 GK stand out again at the upper edge with a small radius. As they have a temperature well above 8 GK at the end of the simulation, their t 8 (and possibly r (t = t 8 )) would be larger than the one shown here, assuming that they become gravitationally unbound at all. This is indicated by red arrows. Figure 6 provides a concise picture of the ejection behaviour of the hottest tracers in the 11.2 M (17.0 M ) simulation as follows: The particles that represent a relatively small mass (M ≤ 10 −6 M ) drop below 8 GK first, at a large distance to the centre. Since they are ejected straight away, they are not strongly affected by neutrino reactions, and their Y e value is slightly lower than 0.5 (around 0.5). In the first hundreds of miliseconds r (t = t 8 ) quickly moves inwards and then stays more or less constant at about 150 (200) km. In the 11.2 M model, t 8 for all the proton-rich particles is between 500 ms and 2500 ms (and at a radius 1.3 × 10 7 cm < r < 2.8 × 10 7 cm), while for the 17.0 M model no clear trend can be observed. The path of the twelve (eight) tracers with T 9 > 8 at the end of the simulation can also be traced. In the first few miliseconds after core bounce, they are drawn towards the centre and heated up well above 8 GK, where they remain until the end of the simulation. In addition, their density and electron fraction evolutions suggest that they could very well be accreted onto the PNS and not ejected at all. We will therefore not consider them ejected, since they also have a very high density at the end of the simulation (e.g., ρ fin ≈ 5 × 10 10 g cm −3 ). In the following, we try to find reasonable boundary values for the Y e bins, with the aim to group tracers with similar compositions together. One obvious choice is to group tracers with non-negligible abundances of proton-rich isotopes together. In order to do this, we plot the final abundances of 92 • bin I: 0.42 < Y e < 0.49; chosen such that tracers on the neutron-rich side which produce a lot of Mo are included.
• bin II: 0.49 < Y e < 0.55; low Mo & Ru abundances in Figures 7 & 8, composition expected to be dominated by α-and iron group nuclei.
• bin III: 0.55 < Y e < 0.67; upper boundary chosen such that this bin includes all proton-rich tracers in the 17.0 M model.
• bin IV: 0.67 < Y e ; tracers with extremely high Y e ; lower boundary chosen such that no tracers in the 17.0 M model appear in this bin. Tables 2 & 3 list the number of tracer particles, the summed-up mass of the tracers, as well as the ejected 92 Mo mass per bin for the two progenitors. More than 80% (in both models) of the ejected 92 Mo is produced by tracers from the low-Y e bin 0.42 < Y e < 0.49, although this bin makes up only about 36% (8%) of the total mass of the highest temperature bin. The production mechanism of 92 Mo in slightly neutron-rich environments is similar to the one found in neutrino-driven winds [22] and is further discussed in section 3.4. In conditions with Y e ≈ 0.5 almost no Mo is produced, as the reaction flux stalls in the iron group nuclei. Only with Y e > 0.6 can the heavier nuclei on the proton-rich side of stability be produced again by means of the νp-process. Figure 9 shows a quantitative comparison of the abundances of heavy nuclei, where the heterogenic nature of the highest-temperature bin becomes particularly clear. Nuclei beyond the iron group cannot be produced in conditions with Y e close to 0.5. An interesting contrast between the two bins producing the heavy nuclei is the sharp drop in abundances after A = 90 in the first (0.42 ≤ Y e < 0.49) bin, while there is no clear limit in mass number for the 0.67 ≤ Y e bin. 
Production of 92,94 Mo in neutron-rich conditions
In the previous section we have shown that while the proton-rich isotopes of Ru are almost exclusively produced in the νp-process, the final abundances of 92, 94 Mo are the result of an overlay of very proton-rich as well as slightly neutron-rich tracers in the 11.2 M model. For the 17.0 M model, on the other hand, the νp-process does not occur, and therefore the only contribution to the production of 92, 94 Mo comes from the neutron-rich tracers. The production mechanism in 0.4 < Y e < 0.49 environments will be analyzed in this section. The build-up of 92, 94 Mo proceeds in several consecutive phases: 1) It is a well-known feature of multi-D simulations that the expansion of tracer particles occurs on slow timescales due to the gradual onset of the explosion. The hottest tracers in particular spend a long time in the dense central region, followed by a slow expansion after the normal (charged-particle) freeze-out. This means that the α-particles are converted into heavier α-isotopes (and especially iron group nuclei) quite efficiently. 2) Starting just below the iron group nuclei, the valley of stability experiences a kink in the N − Z plane, turning away from the N = Z symmetry towards the N > Z side. Since nuclei along the valley of stability are by default the tightest bound nuclei in each isotopic chain, captures of free neutrons (in addition to α-captures) are required to synthesize heavier nuclei. Through a series of neutron, α-, and proton captures the nucleosynthesis proceeds to higher proton numbers up to 90 Zr along the line of Z/A ≈ Y e . In this phase the free neutrons are depleted, and the proton-to-neutron ratio Y p /Y n evolves from the initial value of 1/2 to 10 3 /1. Although free neutrons are depleted, the electron fraction Y e does not change greatly and is still below 0.5. The temperature in this phase drops from T 9 = 4 to T 9 = 2.8.
3) Yttrium (Z = 39) has only one stable isotope, 89 92 Mo is not destroyed easily, since the temperatures at this point are around 1 GK, such that proton captures and photodissociations are not effective anymore and the other major destruction channel, (n, γ), is suppressed by the low neutron abundance. This is also the reason why the reaction flux stops at Mo, i.e. for the production of Ru another mechanism is required (such as the νp-process).
In figure 3) .
Comparing the absolute abundances for the four isotopes discussed here (figures 7 & 8), one can see that the low-Y e abundances of 92 Mo are larger by several orders of magnitude than the abundances of the other three species. The reason for this lies in the fact that in neutron-rich conditions all heavy nuclei are produced from lighter nuclei, i.e., almost all the reaction flow towards 94 Mo and 96,98 Ru passes through 92 Mo. In figure 10 , the neutron separation energies S n are plotted in this region of the nuclear chart. As an overlay, lines of equal Y e are plotted, demonstrating the conditions under which 92 Mo can be produced easily. The neutron separation energy experiences a sharp drop at N = 51, thus making neutron captures on N = 50 nuclei less likely than on lighter isotopes and, at the same time, considerably reducing the lifetime of 93 Mo (and 91 Zr) against (γ, n). The production of N ≥ 51 nuclei is therefore countered effectively by (γ, n) reactions at high temperatures and by the depletion of free neutrons by the time the temperature has decreased to lower values.
Isotopic Mo and Ru Ratios in Presolar Grains
In our calculations we find efficient production of 92 Mo and 94 Mo, in the case of the 11.2 M model combined with large yields of 96 Ru and 98 Ru (see figure 3) . The origin in the universe of these relatively neutron-deficient stable isotopes is still uncertain [21] . Recent comparisons of measured elemental abundances in metal-poor stars and isotopic abundances in presolar grains [73] suggest that Mo has several astrophysical sources, while the elemental abundance of Ru correlates with the Ag abundance in metalpoor stars, which points to the (weak) r-process as the major production mechanism, albeit only for the neutron-rich stable isotopes 99,101,102,104 Ru. For 96 Ru and 98 Ru, the νp-process in core-collapse supernovae and the γ-process in supernovae type Ia are expected to be the main contributors. Recent models of SNe Ia show the production of these isotopes via a p-process [20] , leading to the conclusion that the solar abundance ratios between these isotopes are the result of an interplay of CCSNe and SNe Ia, while other sources cannot be excluded. The best observational evidence of CCSN ejecta Table 4 . Measured isotopic Mo and Ru ratios in presolar SiC grains of class X as reported in [75] with the terrestrial (standard) ratios taken from [76] compositions are presolar grains in meteorites, as they formed before the solar system and probably experienced less pollution from SNe Ia or r-process events. The subclass X of SiC grains, in particular, are thought to have formed from dust ejected in CCSNe, since they show a large 48 Ca enrichment, a decay product of 48 Ti which is produced exclusively in CCSNe. In the following we compare our yields to SiC X grains from the presolar database1 [74] with respect to abundance ratios between 92 Mo, 94 Mo, 96 Ru, and 98 Ru. All grains for which these isotopes have been measured come from the Murchison meteorite and we summarize their relative abundances (as reported in [75] ) in table 4. The error ranges given here take into account the errors for both isotopes of the ratio, and should therefore represent an absolute upper and lower limit, respectively, since systematic errors enter twice.
We For our analysis we first want to identify the corresponding isotopic ratios for our tracers depending on their initial electron fraction. Figure 11 shows the isotopic ratios in our tracer particles for the 11. ratio in the presolar grains can be reached for Y e > 0.5, with a large scatter between the different tracer particles. The two regimes where 92 Mo can be produced efficiently are characterized by very low Y94 Mo /Y92 Mo ratios (Y e < 0.49), and values larger than the ratios in the presolar grains (Y e > 0.67), respectively. The Y98 Ru /Y96 Ru ratio (bottom panel) shows a different behaviour, with some low-Y e tracer particles showing a ratio comparable to the measured ratios. However, since the absolute Ru abundances in this regime are extremely low, only the high-Y e regime is left as a viable production site in CCSNe. Under the conditions encountered in our 11.2 M model, the Y98 Ru /Y96 Ru ratio produced in the νp-process matches the measured ratio in presolar grains well.
In the following we describe a method to recombine tracer particles from our CCSN models in order to explore the possibilities to reproduce the isotopic Y94 Mo 
where i is the bin index (henceforth referred to as particle type) and the α i are weighting factors which can be interpreted as the summed-up mass share of each bin. The Ru ratio can be calculated the same way as the Mo ratio. For both the 11.2 and the 17.0 M model the abundances and their ratios for each bin are given in tables 5 & 6. The trend in both the Y94 Mo /Y92 Mo and the Y98 Ru /Y96 Ru ratios is the same in the two CCSN models, as both ratios have a minimum around Y e ≈ 0.47. We have already established that Ru is almost exclusively produced by the νp-process, and the isotopic ratios for this bin differ a lot from the other bins. Therefore, the ratios required by presolar grains can only be achieved with a contribution from type 17 tracers. For instance, a combination of α 17 /α 1 = 2 (with other α i = 0) leads to ratios comparable to the values in SiC X grains. While the Y98 Ru / Y96 Ru ratio is determined exclusively by the value of bin 17, the overall Mo ratio for this combination is Y94 Mo 
Discussion

The high-Y e tracers in the 11.2 M model
In our 11.2 M model, we find tracer particles with very high Y e values at t = t 8 (see figure 6 ). These Y e values are a consequence of the neutrino and anti-neutrino luminosities in the hydrodynamic simulation. The ν e and ν e luminosities vary with time and with radial direction. In particular, we find a strong peak in L νe around 1 s in the direction of the north pole, where most of the material is ejected, while the northward L νe experiences a minimum at the same time. In order to estimate the electron fraction, we can use a formula that is given in [78] for the neutrino-driven wind:
with the electron neutrino and electron anti-neutrino luminosities, mean energies L νe , L νe , νe , νe , and the neutron-proton mass difference ∆ = m n − m p = 1.293 MeV. Note that this approach gives a good approximation of the electron fraction only if the expansion is slow enough such that a weak equilibrium is established and as long as the temperatures are high enough for the composition to be dominated by free nucleons. Using luminosities and mean energies from our 11.2 M model, we find Y e = 0.9 for a 2.464 short time in the direction of the north pole. Overall the equilibrium Y e evolves in a very similar fashion to the evolution of Y e (t = t 8 ) in figure 6 . This gives us confidence about the Y e evolution in the simulations. Nevertheless, we want to explore the possible uncertainties in Y e values arising from the employed neutrino transport and the EOS. The IDSA, which was used in the simulations, has been well tested in the accretion phase up to several 100 ms post-bounce by Liebendörfer et al [46] . In this phase, it can reproduce the neutrino spectra and luminosities of detailed Boltztran simulations quite accurately. However, such a detailed comparison has not been done yet for the phase after the onset of the explosion and for the neutrino-driven wind. To estimate uncertainties due to the neutrino transport in the post-explosion phase of the supernova, we compared results from the codes AGILE-IDSA [46] and AGILE-BOLTZTRAN [79] , which use the same description for the hydrodynamics part AGILE and only differ in the method for the neutrino transport. In both codes we triggered explosions in spherical symmetry by artificially increasing the neutrino absorption rates at low densities and compared the results for up to three seconds after the onset of the explosion. To achieve a meaningful comparison of the two neutrino transport prescriptions, we chose a minimal setup, where in Boltztran only the same kind of neutrino-matter interactions are included as in IDSA, Newtonian relativity is used, and only electron-flavor neutrinos are considered. The luminosities agree very well (with a deviation below 20% over the entire simulation) and for the mean energies a rather small maximum deviation on the order of 2 MeV was observed, where IDSA has a tendency to give slightly higher mean energies. This means IDSA works also well for the post-explosion phase, at least for this simplified setup. Note, however, that the electron-flavor neutrino quantities are also affected by the components which were not considered in the comparison, i.e. general relativity, treatment of µ/τ -neutrino, and of course the chosen set of neutrino-matter interactions. Especially the missing electron- neutrino scattering in IDSA could become relevant for the post-explosion phase, see [80] . Its absence means that the neutrinos are less thermalized, the spectra are formed at slightly higher densities, and have somewhat higher mean energies. It is beyond the scope of the present study to estimate these uncertainties quantitatively, as the neutrino spectra evolution depends on many aspects of the simulation setup as mentioned already above. Neither would it be feasible for the very expensive multi-dimensional long-term simulations presented here.
In our simulation setup, the EOS allows for Y e values up to 0.9, but the proton fraction does not go beyond 0.6, the maximum proton fraction of the original EOS (LS220 [57] ). This leads to an underestimation of the ν e + p → e + + n rate, which would decrease the electron fraction, and a runaway effect could occur, driving Y e closer to the maximum value of 0.9. We have tested the effect of a reduced initial electron fraction on the nucleosynthesis results for the tracer particles with the highest Y e in the 11.2 M model (i.e., the 0.67 ≤ Y e bin). Multiplying Y e (t 8 ) of the individual tracer particles with a factor of 0.8 and 0.9, respectively, the aim is to explore the sensitivity of the nuclear yields on the strength of the νp-process which is operating in these proton-rich conditions. Note that in our post-processing approach, the electron fraction is evolved in the nuclear network independently from the numerical simulation. Figure 12 presents the results of this test, demonstrating that the heaviest nuclei are only produced in the most proton-rich tracers. The new Y e range of the bin with a factor of 0.8 is 0.536 ≤ Y e ≤ 0.72, such that the (0.67 ≤ Y e ) × 0.8 bin is comparable to the 0.55 ≤ Y e < 0.67 bin in figure 9 . This is confirmed by a comparison of the nuclear compositions of these two bins, which shows very good agreement. Figure 12 also demonstrates that the amount of produced Ru in our models directly depends on the contribution of very proton-rich ejecta. In order to produce Ru (and Mo) in the νp-process, electron fractions around Y e = 0.8 or higher are needed. This is further confirmed by figure 3 , where it can be seen that the Ru production in the 17.0 M model is negligible, since there are no tracer particles with Y e > 0.67.
Low Ni Yields
Both models discussed eject very small amounts of material. This is a direct consequence of the use of 2D simulations, which here are found to develop strong inflows around the equator where accretion onto the proto-neutron star occurs. As this accretion persists over the entire simulation time, its effect on the nucleosynthesis yields is enhanced by the long simulation time. Figure A1 demonstrates that almost all of the ejection criteria discussed would yield larger ejecta if the simulation stopped after 5s instead of 7s. This is especially true for the (heavier) products of the explosive nucleosynthesis, for which the yields are converged after 7s. In 3D models, the effect of late-time accretion is typically diminished, since three-dimensional effects (e.g., turbulence, SASI) tend to make the explosion more spherical (see, e.g., [81, 82, 23] ). Thus, from the use of 2D models the yields of all the heavy nuclear species is rather underestimated. However, we show that all the heavy nuclei are affected to the same degree (Appendix A), which means that comparisons between the yields or abundances of heavy species are still viable.
On the other hand, the low mass of ejected 56 Ni can be correlated to a special class of type II SNe, so-called faint SNe, which are observed in nature. The low luminosities of these objects set upper limits between 10 −3 − 10 −2 M for the ejected 56 Ni mass [48, 49, 50, 52] . The first observation of such an event was SN 1997D, which, as reported in [48] , was characterized by a low luminosity, low ejecta velocities, and an unusually red spectrum. They compared the observed light curve to theoretical models and obtained the best fit with a CCSN of a 26 M with massive fallback, such that the ejected 56 Ni mass was 2×10 −3 . Smartt et al [6] conducted a survey of known SN type II-P progenitors and concluded that faint CCSNe could originate from stars close to the low-mass end of the CCSN progenitor mass range (8.5 M in their study). Moreover, they defined the red supergiant problem, which states that no SN II-P progenitor with M > 16.5 M has been identified in their sample, although they should not be harder to detect. If this value proves to be a true upper limit for type II-P SNe, there would be a transition region where progenitors around that mass also produce a faint SN, as the explosion is successful, but a lot of fallback occurs. In this context, our results show faint CCSN at the low end of the mass spectrum (11.2 M ) and an example of a faint CCSN close to the cutoff mass for successful type II-P SNe (17.0 M ).
The Road to Solar Isotopic Mo and Ru Ratios
The origin of the solar 92, 94 Mo and 96,98 Ru abundances is still an unsolved problem. It has been shown that different astrophysical sites provide favourable conditions for the production of these isotopes: in (single-degenerate) SNe Ia a γ-process can operate, photodissociating seed nuclei previously produced by the s-process in the companion star [83, 84, 20] . Neutrino-driven winds in CCSNe have also been studied extensively, with Hoffman et al [22] showing that neutron-rich conditions can lead to the production of the 92, 94 Mo isotopes and Bliss & Arcones [71] showing that this is not possible for 96,98 Ru and that the solar ratio between the two Mo isotopes could not be achieved under any conditions. However, the observed solar abundance ratios cannot be achieved in either of the proposed scenarios. This is true especially for the 92 Mo/ 94 Mo ratio. What makes the problem even more pressing is that most nuclei involved are stable and therefore most nuclear reactions in question are experimentally well constrained [85] . Since 93 Mo is unstable, 93 Mo (n, γ) 94 Mo and its (reverse reaction) bear the largest uncertainty, as is also discussed in Ref. [20] , who give an estimate of a factor of two as an upper limit to the uncertainty of this rate.
Elemental compositions in extremely metal-poor stars as signatures of the first CCSNe
The most metal-poor stars currently known are SMSS0313-6708 [1] and HE1327-2326 [86] with reported metallicities of [Fe/H] < −7 and [Fe/H] ≈ −5.4, respectively. In the range −5 < [Fe/H] < −3, many stars are known and their atmospheric nuclear compositions are well studied. It is possible that these extremely metal-poor (EMP) and ultra-metal-poor stars (UMP) stars contain the signatures of the ejecta of a single CCSN, which makes them valuable reference points for comparisons with CCSN nucleosynthesis models (e.g., [4] ). To that end we have selected some of the most metal-poor stars from the Stellar Abundances for Galactic Archeology (SAGA) database [87, 88, 89] for which the abundances of sufficient elements have been measured, and compared our yields from section 3.1 to their compositions. Note that the validity of this comparison may be weakened by the fact that our CCSNe have been simulated using progenitors with solar metallicity. Figure 13 shows the comparisons between the ejecta compositions of both our models (red: 11. Compared to most stars in this sample, the compositions in our CCSNe are deficient in the lightest α-elements (especially C and O), but contain too much Sr (Z = 38). The discrepancy in the light nuclear species could at least partially be attributed to the uncertain amount of ejected progenitor material from outside the computational domain in our models due to the unipolar (bipolar) explosions (see also Appendix A). If we take into account this uncertainty, we find very good agreement between the ejecta of our 17.0 M model with HE1327-2326, which seems to have an unusually large [Sr/H] value compared to the other stars in this sample. Both our models also agree reasonably well with the measured composition of HE0557-4840. Furthermore, they both very well reproduce the measured elemental abundances between Ca and Zn (20 ≤ A ≤ 30) for all the stars in this sample.
Conclusions
We have presented nucleosynthesis results of two 2D CCSN models with masses of 11.2 and 17.0 M . We find that both models are characterized by low 56 Ni yields, independent of the ejection criterion employed. Although 56 Ni is produced in larger amounts, it is accreted onto the PNS within the first few seconds after bounce. With the final amount of ejected 56 Ni, both CCSNe would classify as faint SNe. A detailed analysis of the hottest (innermost) ejected tracer particles reveals that they experience a very broad range of Y e values, depending on the time the particles stay in the neutrino heating region. This results in a large variety of nuclear compositions and calls for a distinction of these tracers according to Y e . For tracers with 0.49 ≤ Y e ≤ 0.55 the reaction flux stops at the iron group nuclei, while for smaller and larger electron fractions also trans-iron nuclei can be produced.
In both models studied here, trans-iron nuclei up to 92 Mo can be efficiently produced in slightly neutron-rich conditions (see also [54] ), but the reaction flux towards 94 Mo is suppressed by the low neutron separation energies beyond the N = 50 shell closure. The final composition of the ejecta in the case of the 11.2 M model also contains high abundances of 96,98 Ru, which is produced almost exclusively in conditions with Y e > 0.7 in the νp-process. We have shown that the amount of produced Ru directly depends on the contribution of very proton-rich ejecta, and that electron fractions around Y e = 0.8 or higher are needed for efficient Ru (and Mo) production in the νp-process. The low-Y e regimes with enhanced Mo production are very narrow and the abundance peaks are at different Y e values for the different isotopes, which could prove an interesting aspect in the search for the origin of the solar isotopic ratio of Mo and Ru, as different distributions of Y e values in the ejected tracer particles can easily lead to varying isotopic ratios.
Furthermore, we performed an analysis of the isotopic ratios between the four isotopes 92, 94 Mo and 96,98 Ru. As a reference, we used the solar ratios and SiC X presolar grains. The Y98 Ru /Y96 Ru ratio in the final composition of the 11.2 M model matches the ratio measured in SiC X grains reasonably well, and also the Y94 Mo /Y92 Mo ratio can be reproduced by a combination of ejecta with different Y e . The required Y e distribution however does not correspond to the Y e distribution of the integrated ejecta in our models.
Finally, we have explored the possibility that CCSN ejecta compositions with a strong contribution of trans-iron nuclei and low [Fe/H] may have occurred in the early universe by comparing the yields from our two models to the observed atmospheric compositions of the most metal-poor stars currently known. 
Appendix A. Ejection Criteria
This section presents a thorough investigation of the ejection criterion used in section 2.2. In particular, we test the influence of different prescriptions of ejection criteria on the nuclear yields of isotopes of different masses. One commonly used criterion considers particles with a positive energy and a positive radial velocity component ejected, i.e., e fin tot > 0 & v fin rad > 0. Particles that have not encountered the shock at the end of the simulation do not count as ejected according to this criterion. As soon as the shock front reaches them, however, they will be turned around and their velocity vector will point outward. The total mass of ejecta according to the e & v rad criterion is therefore sensitive to the simulation time at which the criterion is applied. Ideally, it would be applied at a time when the shock front has reached the outer layers of the star. This is not possible in this case, because our simulation stops before that point.
In order to obtain a better idea of the amount (and the composition) of the ejecta, we have tested several different criteria for the 17.0 M simulation. One of them is the condition ρ fin < 10 11 g cm −3 , henceforth labelled "ρ". Clearly, following this prescription all the particles outside the PNS count towards the final ejecta and are considered ejected even if they are infalling and ultimately accreted onto the PNS. Another option is to use a purely geometrical approach: The shock propagates mainly in a bipolar fashion along the z-axis, while matter around the equator is mostly infalling. Therefore, we can choose an angle θ above and below the equator that distinguishes between ejected and accreted material. Obviously, in order to avoid counting PNS material, we also ask for the ρ criterion to be fulfilled.
We have already established that the ejecta mass is sensitive to the moment when the criteria are applied. The simulation stops at 7s and it can be expected that the most precise results are obtained when the criteria are applied at this moment. However, particles might not fulfill an ejection criterion when the simulation stops, but only later on, for instance when they encounter the shock front and are accelerated away from the center. Thus, we also apply all our criteria at a simulation time of t = 5s. By doing this, we are able to identify trends for the behaviour of the ejecta mass and the individual isotopic yields according to all our criteria. The total mass of the ejecta (M ej ) as well as the ejected masses of some isotopes are summarized in table A1 for a criterion that requires the specific energy to be positive (e > 0), the energy with radial velocity criterion (e + v rad ), the density (ρ), and the two angle criteria (θ 30 & θ 45 ) taken at 5s and 7s (indicated by the supplements "5" and "7"). figure A2 . The yields of these isotopes converge as well at the end of the simulation, with the exception of the θ 45+ criterion and the e + v rad criterion for 92 Mo which diverges from the other criteria by about 5 %.
Several trends are visible in figure A1 . First, the predicted total mass of the ejecta slowly decreases with increasing simulation time for three of the four criteria (top left panel). This can be explained by accretion onto the PNS, i.e., the density of accreting particles increases above 10 11 g cm −3 (failing the ρ criterion). The decreasing trend for the θ criteria is due to particles that are first accelerated by the shock close to the boundary and, after a while, fall into the equatorial plane, thus not counting towards the ejecta anymore. For the e + v rad criterion the ejected mass is growing, since the shock is still moving outward and accelerating infalling particles. Furthermore, there is a striking difference between the temporal behaviour of the 16 O and 28 Si yields on one hand and the 44 Ti, 56 Ni, and 68 Ge yields on the other hand: The former group includes nuclei that are already present in the pre-SN progenitor (mainly in the outer layers), which means that their yields generally follow the trends of the total mass. 28 Si shows a slightly deviating behaviour from the total mass, because it is also the fuel for explosive Si burning in high enough temperatures (according to Thielemann et al [28] , complete Si exhaustion is reached in tracers that reach T = 5 GK). Therefore, it is most abundant in tracer particles with an intermediate peak temperature within the range of 2 < T 9 < 5. The latter nuclei belong to the group of freshly synthesized products of the SN with relatively high mass number. They are produced mainly in the regions with the highest peak temperatures, and the convergence of their yields at t = 7s means that most of the corresponding tracer particles are considered ejected in all criteria.
For the final criteria we choose a geometric prescription that takes into account the shape of the shock a the end of the simulation. For the 17.0 M model, we use θ 30 . This can be justified by the notion that all particles with an angle θ ≥ 30
• from the equator will encounter the shock at one point after the end of the simulation and obtain a positive radial velocity. For the 11.2 M model, we observe a strong shock progression in only one polar direction (in the positive z-direction). We therefore constrain the geometric criterion further in this case, requiring successfully ejected particles to be at least 30
• above the equator, and we call the corresponding criterion θ 30+ . Since the ejected masses of the intermediate-and high-mass nuclei are not sensitive to the applied ejection criterion (see figures A1 & A2), we expect that our choice of ejection criterion results only in a minor error in the yields of the nuclei that are produced in explosive nucleosynthesis. 
